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 The reactivity value of the Bandung TRIGA 2000 reactor core has 
decreased over time, so the power generated by the reactor is also 
getting smaller, despite the control rod position is fully withdrawn. 
Therefore, it is necessary to reshuffle and refuel the fuel element to 
increase the excess reactivity by considering the safety parameters, such 
as axial and radial power peaking factors, DNBR, dTsat, and temperature 
on the cladding and in the center of the fuel element. The analyzed 
reactor safety parameters are the number of fuel elements, which varied 
at 105, 110, and 115 elements, as well as power peaking factor, which 
varied at 1.55, 1.65, 1.75, 1.85, and 1.95. The calculations were done 
using MCNP and COOLOD-N2 programs. If DNBR ≈ 1.3 is determined 
as the safety limit for the operation of the Bandung TRIGA 2000 
reactor, at PPF 1.95 (105, 110, and 115 fuel elements), it can be 
considered to operate the reactor at the power of 600-700 kW. However, 
at PPF of 1.75 (105, 110, and 115 fuel elements), the reactor can be 
operated at the power of 700-800 kW, and at PPF of 1.55 (105, 110, and 
115 fuel elements), the reactor can be considered for operation at the 
power of 800-900 kW. The results of these calculations can be used for 
consideration in determining the operating limits of the Bandung 
TRIGA 2000 reactor. 
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1. INTRODUCTION* 
The pretension to cease the production of 
TRIGA fuel elements by the manufacturer of 
TRIGA reactor fuel elements, CERCA/TRIGA 
International [1], made the Bandung TRIGA 2000 
reactor operating agency, which owns limited fuel 
elements, to carefully calculate the implementation 
of core management. The basic principle of core 
management, particularly reshuffle and refuel, is to 
increase the excess reactivity by considering other 
safety parameters, such as shutdown margins and 
both axial and radial power peaking factors. The 
main goal of fuel management is to obtain the most 
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optimal reactivity along with the most economical 
use of fuel [2]. The reactivity value of the Bandung 
TRIGA reactor core has decreased over time, so the 
power generated by the reactor is also getting 
smaller, despite the control rod position is fully 
withdrawn. Therefore, it is necessary to reshuffle 
and refuel the fuel elements. 
The pattern of addition or removal of the fuel 
element must consider the neutronic aspect which 
includes the critical mass of uranium, distribution 
of the neutron flux in each fuel element, as well as 
thermalhydraulics aspect which includes the ratio 
of total radial and axial power peaking and also 
DNBR. This is important as it is closely related to 
the safety of the reactor. In addition, due to critical 
heat fluxes, the design of a water-cooled reactor 
requires sufficient safety margins.  
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As the name implies, TRIGA reactor is used 
for training, research, and production of 
radioisotopes for various fields, such as medicine 
and industry. Bandung TRIGA 2000 reactor is an 
open pool, light water-cooled reactor, typical of the 
TRIGA Mark II reactor. The core is located near 
the bottom of the water-filled aluminum tank with a 
diameter of 198 cm and depth of 725 cm. It 
currently holds 97 fuel elements, 3 fuel element 
control rods, 2 control rods without fuel element, 
and 5 instrumented fuel elements (IFE). The reactor 
core is in hexagonal arrangement and surrounded 
by graphite reflector. Each fuel element consists of 
a zirconium rod surrounded by a homogeneous 
solid mixture of UZrH (8.5% U) with low-enriched 
U235 (19.7% of U235), further encased within a 
stainless steel cladding [3].  
TRIGA reactor is the only nuclear reactor in 
this category that offers true "inherent safety" rather 
than relying on "engineered safety." This owes to 
the unique properties of GA's uranium-zirconium 
hydride fuel, which provides incomparable safety 
characteristics. The fuel elements provides a very 
high negative prompt temperature coefficient, the 
main reason of the high inherent safety behavior of 
the TRIGA reactors. It also permits flexibility in 
siting, with minimal environmental effects [3, 4].  
In a typical TRIGA reactor, the entire fuel 
elements are cooled by single phase convection as 
long as the maximum wall temperature is kept 
below that is required to initiate boiling. However, 
at higher power level, in the inlet and outlet regions 
of the core, where the heat fluxes are the lowest, the 
channels are cooled by single phase convection. 
Meanwhile, in the central region, where the axial 
heat flux is the highest, heat transfer is 
predominantly in the form of subcooled boiling [4]. 
The TRIGA MARK II - CNESTEN reactor in 
Morocco is a TRIGA reactor designed to operate 
with the power of 2 MW, using natural convection 
cooling and minimum DNBR value higher than 1.6. 
The research on this reactor shows that the 
maximum fuel temperature in the hot channel is 
537°C, the maximum void fraction exceeds 20% in 
the hot channel at the nominal power 2 MW and it 
reaches 16% in the average channel at the nominal 
power. These values are higher than the normal 
acceptable limits, and indicate that natural 
convection is probably not adequate for the power 
[5]. However, the finding is differernt from the 
Bock et al. which found that, in the TRIGA Mark 
Iireactor, the pool water provides sufficient natural 
convection cooling for operation up to 2 MW, or up 
to 3 MW with a down-flow forced cooling [6].  
The minimum DNBR for the TRIGA IPR-R1 
(8.5) is much larger than other TRIGA reactors. 
Meanwhile, McClellan TRIGA 2 MW has DNBR = 
2.5 as calculated by Jensen and Newell (1998). 
Bangladeshi TRIGA 3 MW has DNBR = 2.8. The 
power reactor is projected to operate at a minimum 
DNBR of 1.3, while in routine operation it is 
operated at DNBR approaching 2 [4]. 
DNBR in the TRR-1/M1 reactor heat channel 
was analyzed using the COOLOD-N2 code. If 
DNBR is the only consideration, TRR-1/M1 can be 
operated up to 1.7 MW without violating DNBR 
design criteria, which is 2.0. For the maximum 
allowable power of TRR-1/M1 at 1.5 MW, the 
maximum fuel temperature is 552°C and the 
minimum DNBR is 2.43 without bulk boiling in the 
core and allow approximately 15% thermal safety 
margin based on the nominal operating power of 
1.3 MW [7]. 
The Kyoto University Research Reactor has 
slightly different criteria. The following safety 
criteria for anticipated operational transients in 
KUR cores are (1) Minimum DNBR (viz. CHFR 
(critical heat flux ratio)) is greater than 1.5, (2) 
Maximum temperature in fuel meat is less than 
400°C, and (3) No boiling occurs in the core [8]. 
Based on the studies performed by General 
Atomics, TRIGA reactors can safely operate until 
approximately the specific power of 30 kW/fuel 
element, which assures that DNBR is above 1.0. 
The calculations are carried out for up to the pool 
temperature of ~50°C. Another important factor for 
the safe operation of the TRIGA reactors is the flow 
oscillations prior to CHF. This phenomenon is 
defined as the flow rate oscillation (increase and 
decrease of coolant flow rate in a cyclic fashion) in 
subcooled boiling [9]. 
DNBR of the Moroccan TRIGA Mark II is 
calculated based on the hot channel axial 
distribution of peaking factors. The hot channel 
axial DNBR distributions at 2.24 MW (112% 
power) were calculated by PARET and COOLOD 
codes. Using COOLOD code, DNBR varies over 
the length of hot channel, starting from 7.83 to 
5.56, with a minimum of 2.97 around the axial 
center of the fuel element. Whereas when using 
PARET code, the MDNBR reaches the value of 
4.17, which is considerably far from safety limit on 
this parameter [10]. For PWRs, the resulting 
thermal design limit is expressed in terms of the 
minimum DNBR factor (MDNBR ≥ 1.3 at 112% 
power) [10, 11]. For fuel safety, it is recommended 
that the DNBR for TRIGA reactors is above 1.0, 
while for commercial PWRs the minimum design 
value is 1.3 [11].  
An important conclusion in the study 
conducted by Haag and Levine is the fact that 
subcooled boiling occurs in the Pennsylvania State 
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Breazeale Nuclear Reactor at relatively low reactor 
powers, i.e., < 200 kW, in the centermost positions 
of the core [12]. 
In NUREG-1537, it is stated that a minimum 
CHF ratio of at least 2.0 is recommended for 
reactors with engineered cooling systems. TRIGA 
reactors with natural-convective cooling do not 
have engineered cooling systems. Past and current 
practice do not include hot channel factors or other 
uncertainty factors in the CHF analysis of TRIGA 
reactors that are cooled by natural convection. The 
possible exception here is the uncertainty in 
measured power [13]. 
TRIGA reactors that rely on natural 
convection for primary flow are among the most 
common research reactors in the US. Since these 
reactors can operate with subcooled nucleate 
boiling during normal operation, the margin to CHF 
can be a limiting safety design criterion and a 
limitation for power production [13, 14]. 
West et al explain that core can be cooled by 
natural convection cooling to power levels up to 
about 1.5 MW without any observable power 
fluctuations. Between 1.5 MW and 1.75 MW, 
depending upon the bulk water temperature, power 
fluctuations begin to appear. This "power 
chugging" is caused by the negative void 
coefficient acting through voids caused by local 
boiling in the region of minimum spacing between 
fuel rods at the high power locations in the core. 
Power "chugging" is a positive safety feature since 
it occurs prior to departure from nucleate boiling 
(DNB) which could cause very severe problems. 
"Power chugging" is such a strong, negative 
reactivity producing phenomenon that it may, in 
fact, prevent DNB from causing core damage. 
"Power chugging" has been studied extensively in 
TRIGA cores [9, 13, 15]. 
Nazar and Pane stated that the operation of the 
Bandung TRIGA 2000 reactor at the power of 500 
kW using 105 fuel elements, bubbles began to form 
as a boiling sign [16], while Nailatussaadah et al 
have calculated the criticality of the Bandung 
TRIGA 2000 reactor in four core configuration 
scenarios with two different methods, namely the 
compacting method based on the fuel burnup and 
the compacting method based on fuel density. The 
first scenario resulted in core criticality with 
effective multiplication factor of 1.01243 and radial 
power peaking factor of 1.655. The second scenario 
resulted in core criticality with effective 
multiplication factor of 1.02031 and radial power 
peaking factor of 1.675935 [2]. 
The purpose of this study is to analyze the 
reactor power as a function of the number of fuel 
elements (105, 110, and 115 fuel elements) and 
PPF (1.55, 1.65, 1.75, 1.85, and 1.95), especially 
those related to the safety of reactor fuel elements 
including DNBR, so that the analysis results can be 
used as a reference to determine at what power 
level the reactor can be operated safely. 
 
 
2. THEORY 
The fuel of TRIGA reactors uses stainless steel 
cladding and were designed to operate with 
nucleate boiling. During normal operation of 
TRIGA reactors, vapor bubbles are formed on some 
of the fuel rod surfaces while the mix-mean 
temperature of the adjacent coolant remains below 
the saturation temperature. Thus, there is some 
subcooled boiling, but no bulk boiling. The local 
agitation of the coolant caused by the nucleate 
boiling greatly enhances the heat transfer from the 
clad surface to the coolant stream. This helps to 
limit fuel rod surface temperatures. When these 
boiling conditions exist, the clad surface 
temperature will typically be no more than about 
20°C higher than the local coolant saturation 
temperature. This temperature differential depends 
only on the local coolant pressure and local clad 
surface heat flux and does not depend on the local 
coolant flow rate [13]. 
A typical pool boiling curve, the Nukiyama 
curve (Fig. 1) is depicted in the heat flux log-log as 
a function of the superheat wall temperature, i.e. the 
difference between the cladding temperature and 
the saturation temperature (Tsur-Tsat). At a low dTsat 
value, the convective heat transfer coefficient curve 
is relatively linear (h) and constant, characterized 
by one-phase free convection, without the 
formation of bubbles. As the temperature rises, 
bubbles begin to appear and leave a hot surface, 
called the nucleate boiling. About ten to twenty 
degrees above the saturation temperature, the heat 
flux increases and the number of bubbles increases 
and reaches the surface. The transition boiling takes 
place between the nucleate boiling and the film 
boiling, also called partial boiling. Film boiling is 
characterized by the presence of a stable vapor 
layer that forms between hot and liquid surfaces. 
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Fig. 1. Graphical representation of the general pool 
boiling curve showing CHF [11, 17, 18] 
 
There are three transition points between the 
four boiling areas. The first point (A) is called the 
incipience of boiling (IB) or the onset of nucleate 
boiling (ONB), where bubbles first appear on a hot 
surface. The second point (C) is the peak of the 
curve in the nucleate boiling curve, called the 
departure from nucleate boiling (DNB), the critical 
heat flux (CHF), or peak heat flux. The last 
transition point (D) is located at the bottom of the 
film boiling regime and called the minimum boiling 
film point (MFB) or Leidenfrost point. 
Subcooled boiling is characterized by the 
appearance of bubbles initiating from the heater 
surface while the bulk temperature is still below the 
saturation. During subcooled flow boiling, a high 
heat flux can be obtained with a relatively low wall 
superheat. Compared to saturated flow boiling, 
subcooled boiling has higher heat transfer 
efficiency and better CHF performance, which have 
been confirmed by many previous experimental 
investigations. As a result, subcooled boiling has a 
wide range of industrial applications, especially in 
nuclear power reactors [19]. 
Jazbec et al found that the void reactivity 
coefficient was negative for all conditions. This 
finding was supported by the calculations and 
experiments. The void reactivity coefficient is by 
far the largest when voids are formed close to the 
fuel region. As in the TRIGA reactor, the neutron 
flux is well thermalized. More than 90% of fission 
events are induced by thermal neutrons. The 
multiplication properties of such system are very 
sensitive to changes in moderator density, such as 
void formation [20]. 
 
 
3. METHODOLOGY 
DNBR calculations using COOLOD-N2 
software are performed using radial and axial 
power peaking factor data obtained from the 
neutronic calculation using the MCNP neutron 
transport code. From this calculation, the power 
distribution is obtained in each fuel element by 
varying each condition of the control rod 
withdrawal. 
In this research, neutronic calculations on the 
reactor core are performed in configurations of 105, 
110, and 115 fuel elements with reference to the 
current conditions of the burnup. Other input data 
are listed in Table 1. 
 
Table 1. Input data for thermalhydraulics calculations at 
the Bandung TRIGA 2000 reactor using COOLOD-N2 
 
PARAMETERS VALUES 
Power, kW 100-1000 
Number of fuel elements 
 
105, 110, 
115 
Coolant temperature entering the reactor 
core, °C 
32 
Coolant pressure entering the reactor core, 
kg/cm2 abs. 
1.69175 
Geometry of fuel element: 
Length, cm 
Equivalent diameter, cm 
Diameter 
Pitch/D 
 
72 
1.8304 
3.746 
1.162 
Resistance coefficient on the input side of 
the fuel element 
1.3 
Resistance coefficient on the output side of 
the fuel element 
Length of flow area, cm 
Loss coefficient due to laminar flow friction 
The equivalent hydraulic diameter of the 
reactor core, cm 
The cross sectional area of the flow at the 
input side of the reactor pool, cm2 
Sub channel area along the fuel element, 
cm2 
The cross sectional area of the flow at the 
output side of the reactor pool, cm2 
0.3 
 
72 
64.0 
25.1436 
 
625.2075 
 
2.694 
 
625.2075 
Power peaking factors: 
FR 
 
 
FCOOL, FFILM, FHFLX, FCLAD, FBOND, FMEAT 
 
1.55, 1.65, 
1.75, 1.85, 
1.95 
1.00 
 
 
4. RESULTS AND DISCUSSION  
From the results of the neutronic calculation, 
the tendency of radial PPF is in the range of 1.55. 
1.65, 1.75, 1.85, and 1.95. Radial PPF on the 
reactor core is determined by arranging a certain 
core configuration and then calculated using 
MCNP. The axial PPF profile of the fuel element as 
shown in Fig. 2 was also calculated using the same 
code.  
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Fig. 2. TRIGA 2000 core axial peaking factor profile for 
each control element position from 0 to 1000 
 
Calculation results using the COOLOD-N2 
software are listed in Table 2 and Fig. 3. 
 
Table 2. NBR on the number of fuel elements 105, 110, 
and 115 with PPF 1.95, 1.75, and 1.55 
 
 
DNBR  DNBR DNBR  DNBR  DNBR 
Power 
kW 
PPF 1.95  
FE 105 
PPF 1.95 
FE 110 
PPF1.95  
FE 115 
PPF1.75  
FE 105 
PPF1.75  
FE 110 
1000 0.91 0.94 0.97 1.01 1.05 
900 0.99 1.02 1.06 1.10 1.14 
800 1.08 1.12 1.15 1.20 1.25 
700 1.20 1.24 1.28 1.33 1.38 
600 1.35 1.40 1.44 1.50 1.56 
500 1.56 1.61 1.67 1.73 1.80 
400 1.86 1.92 1.99 2.07 2.14 
300 2.26 2.42 2.51 2.51 2.70 
200 3.07 3.18 3.29 3.42 3.55 
100 6.08 5.73 5.92 6.78 6.39 
 
 
DNBR  DNBR  DNBR DNBR  
Power 
kW 
PPF 1.75  
FE 115 
PPF 1.55  
FE 105 
PPF 1.55  
FE 110 
PPF 155  
FE 115 
1000 1.08 1.15 1.19 1.22 
900 1.18 1.24 1.29 1.33 
800 1.29 1.36 1.41 1.46 
700 1.43 1.51 1.56 1.61 
600 1.61 1.70 1.76 1.82 
500 1.86 1.96 2.03 2.10 
400 2.22 2.34 2.42 2.51 
300 2.80 2.84 3.05 3.16 
200 3.67 3.87 4.01 4.15 
100 6.60 7.65 7.21 7.45 
 
 
 
Fig. 3. DNBR as a function of power on the number of 
fuel elements 105, 110, 115 and PPF 1.55, 1.75, and 1.95 
 
In Table 2 and Fig. 3, generally, it can be seen 
that the number of fuel elements is proportional to 
the DNBR value. Meanwhile, the higher the radial 
PPF value, the lower the DNBR value. At PPF of 
1.95 and the number of fuel elements 105, 110, and 
115, at the power of 1000 kW, the DNBR value is < 
1, while at PPF of 1.75 and 1.55, on the number of 
fuel elements the values of 105, 110, and 115, 
DNBR value is > 1. Because during normal 
operation, TRIGA reactor can operate with 
subcooled nucleate boiling, CHF can be used as a 
design limit criterion [13]. Based on the studies 
performed by General Atomics, the TRIGA 
reactors can safely operate until DNBR is above 1.0 
[9], whereas in a commercial PWR, the minimum 
DNBR design value is 1.3 [4, 10, 11]. The TRIGA 
reactor fuel itself should have inherent safety 
characteristics even for fast reactivity insertion 
events. This special feature is enabled due to the 
large prompt negative temperature coefficient of 
reactivity of the UZrH fuel [6]. 
 
 
 
Fig. 4. DNBR as a function of power at PPF 1.95 and 
the number of fuel elements 105, 110, and 115 
 
In Fig. 4, it can be seen that when DNBR 1.3 
is used as a reference, then for PPF of 1.95 and the 
number of fuel elements 105, 110, and 115 are only 
feasible to operate at the power of 600-700 kW. 
 
 
Fig. 5. DNBR as a function of power on PPF 1.55, 1.65, 
1.75, 1.85, and 1.95 with the number of fuel elements of 
105 
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In the Fig. 5, it can be seen that for the number 
of fuel element at 105 and PPF at 1.55, DNBR 
value at power of 800 kW is 1.36. Meanwhile, at 
PPF 1.75 and operating power of 700 kW, the 
DNBR is 1.33. In order to obtain DNBR > 1.3 for 
PPF at 1.95, the power must be decreased to 600 
kW. 
 
Table 3. dTsat and DNBR on PPF 1.95 and the number 
of fuel elements 105, 110, and 115 
 
Power 
(kW) TCLAD - TSAT DNBR TCLAD - TSAT DNBR TCLAD - TSAT DNBR 
 EB 105  EB 110  EB 115  
1000 19.97 0.91 19.5 0.94 19.07 0.97 
900 18.93 0.99 18.48 1.02 18.05 1.06 
800 17.8 1.08 17.37 1.12 16.96 1.15 
700 16.57 1.2 16.17 1.24 15.79 1.28 
600 15.24 1.35 14.85 1.4 14.48 1.44 
500 13.73 1.56 13.36 1.61 13.01 1.67 
400 11.97 1.86 11.62 1.92 11.29 1.99 
300 9.97 2.26 9.49 2.42 9.17 2.51 
200 7.25 3.07 6.96 3.18 6.68 3.29 
100 -3.15 6.08 -5.9 5.73 -9.02 5.92 
 
 
 
Fig. 6 . dTsat and DNBR as a function of power and the 
number of fuel elements 105, 110, and 115 with PPF at 
1.95 
 
In the Nukiyama curve (Fig. 1), CHF occurs at 
dTsat of 30°C, whereas boiling conditions exist 
usually at the clad surface temperature of no more 
than about 20°C higher than the local coolant 
saturation temperature [13]. In Table 3 and Fig. 6, it 
can be seen that at power > 900 kW, even though 
dTsat is still rated at 18°C, the DNBR value is < 1. 
At DNBR value ≈ 1.3, dTsat ≈ 15°C. In this 
condition, nucleate boiling has occurred. 
 
 
 
Fig. 7. DNBR and temperature as a function of power on 
the number of fuel elements 105 and PPF at 1.95 
 
 
In normal operation at a power of 1000 kW, 
the number of fuel elements is 105 with PPF at 1.95 
as in Fig. 7, the obtained calculation results using 
COOLOD-N2 are the following. The cladding 
temperature is 133.86°C and the meat temperature 
is 460.06°C. As explained in the Bandung TRIGA 
2000 Reactor Safety Analysis Report, the highest 
allowed fuel temperature is 1150°C if the cladding 
temperature of the fuel element is below 500°C. 
However, if the cladding temperature is equal to the 
temperature of meat (such as when a loss of coolant 
accident occurs or when the reactor cooling water 
reaches boiling film conditions), the fuel 
temperature must not exceed 950°C. 
 
 
5. CONCLUSION 
 
Calculations of DNBR, dTsat, cladding and 
meat fuel element temperature of the Bandung 
TRIGA 2000 reactor on the number of fuel 
elements 105, 110, and 115 with PPF 1.55, 1.75, 
and 1.95 have been carried out using Coolod-N2 
and MCNP software. The results of the calculation 
can be used as a reference in determining the limits 
of Bandung TRIGA 2000 operational power, by 
considering the inherent safety system of the 
TRIGA reactor that is negative void reactivity. For 
example, if DNBR ≈ 1.3 is taken as a safety limit 
for reactor operation, then at PPF 1.95 (105, 110, 
and 115 fuel elements), it can be considered to 
operate the reactor at 600-700 kW. However, if 
PPF is 1.75, the reactor can be operated at 700-800 
kW, while if the PPF is 1.55, the reactor can be 
considered for operation at 800-900 kW. It should 
be remembered that at the DNBR 1.3, nucleate 
boiling has occurred because dTsat > 10°C. 
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